Background
Introduction
paid consultant for Jiva Pharmaceuticals. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing interests: ZMS is the recipient of a paid consultant for Jiva Pharmaceuticals. The presented in silico studies have been used as a foundation for our organic synthesis efforts that have given several highly potent inhibitors and an exclusive contract with a biopharmaceutical company, and we also have intention to file a patent for this inhibitor. There are no further patents, products in development or marketed products to declare. This does not alter our adherence to all the PLOS ONE policies on sharing data and materials, as detailed online in the guide for authors.
step in the catalytic cycle of DNA methyltransferases (Fig 1) . This concept was first presented in our earlier paper on catalytic mechanism of Dnmt1 [12] . Subsequently, a very similar concept was used to prepare novel inhibitor of histone methyltransferase DOT1L [28] .
MD simulations confirmed that our lead-compound can bind simultaneously at the cofactor binding site and at the active site (Fig 3 and S1 Movie) . In this position, the inhibitor can act as a transition state analogue. Precisely, adenine and ribose parts of the inhibitor overlap (A) The figure shows our first prototype for a mechanism-based inhibitor of Dnmt1. The structure is derived from the structure 4.1 in Fig 1 as a reasonable challenge for organic synthesis that has a reasonable agreement with the Lipinski's rules [26, 27] . The structure is designed to act as a transition state analogue and consists of four functional parts: adenine, ribose, tertiary amine linker and 1-methyl-pyrimidin-2-one as the target base ring. The adenine and ribose parts are selected to assure that the lead compound can bind to AdoHcys/AdoMet sites. Tetrahedral tertiary amine linker is chosen as a flexible structure that can mimic the transition state structure (Fig 1) . 1-methylpyrmidine-2-one was chosen as the target base ring instead of cytosine, to avoid problems with deamination at carbon 4 and to decrease polar surface on the target base ring [19, 22] . (B) The present structure is in agreement with the Lipinski's rules except for its low LogD value. The relative molecular mass is 417.45 Da. There are 6 rotatable bonds, and a total of 58 bonds between 55 atoms. At pH 7.40 the polar surface area is 156.42 Å 2 while Van der Walls surface area is 562.17. There are five H-bond donor sites and 13 acceptor sites. At pH 7.40, 94% of the ligand is protonated at the linker nitrogen and the compound is positively charged. The LogD value in protonated form is -2.63 and -1.88 in unprotonated form. To improve ADME properties the future modifications will be designed to increase the LogD value. This can be achieved by removing the positively charged nitrogen at the linker, and by removing heteroatoms at the ribose and adenine ring that give the highest negative contribution to the LogD value. The numbers on the structure show contribution to the total LogD for each atom. All parameters have been calculated using ChemAxon Marvin suite version 15.3.16 [39] https://doi.org/10.1371/journal.pone.0174410.g002
In silico design of DNA-independent mechanism-based inhibitor of human DNA methyltransferase Dnmt1 PLOS ONE | https://doi.org/10.1371/journal.pone.0174410 April 11, 2017 with corresponding AdoHcys parts in crystal structures (Fig 3) . The target base ring can overlap with corresponding 5-methyl-cytosine parts in crystal structures (Fig 3) . The ethyl branch on the linker overlaps with the 5-methyl group on the target cytosine in crystal structure (Fig 3 and [18] ). Thus, the linker is in position of expected reaction coordinate where it can mimic the rate-limiting methyltransfer step, i.e. transition state intermediate (Fig 1 and [29] ). The tertiary nitrogen is positioned in the same place as a sulfur atom in AdoHcys, while its methyl-tail is positioned in the same place as the homocysteine tail of AdoHcys (Fig 3) .
MD simulations showed that the inhibitor makes in average 7 ± 2 dynamic hydrogen bonds with the enzyme (Fig 4, GROMACS default criteria for hydrogen bond, 3.5 Å and 30-degree angle [30, 31] ). We could count up to 15 binding interactions using different protocols and different simulation frames (Fig 3) . All of the interacting amino acids are conserved between mouse and human Dnmt1 [21] . The four functional parts on the inhibitor give a different contribution to binding interactions ( Fig 4D, and S2 Movie) . The target base ring is supported in the active site by two ion-dipole interactions between its carbonyl oxygen and Arg 1310 or Arg 1312 (Fig 3) . The linker section of the inhibitor can form 1.95 Å long hydrogen bond between its tertiary nitrogen and peptide backbone of Phe1145. Rest of the linker makes no binding interactions with the protein surface but remains enclosed in 3.7 Å long groove by the active The cross-eyed stereo image shows that our lead compound can bind to Dnmt1 in the same position as AdoHcy and the target cytosine in crystal structures of Dnmt1 (PDB: 4DA4 [18] ). The image shows the lead compound (lime green), the interacting amino acids (cyan) and the crystal structure of AdoHcys (pink) and the target cytosine (pink) [41] . Hydrogen atoms are shown in white, oxygen in red, nitrogen in blue, and sulfur in yellow. The figure was prepared by superimposing one of the MM/MD simulation frames of Dnmt1-inhibitor complex to the crystal structure of Dnmt1 in complex with AdoHcys and the target cytosine (PDB: 4DA4 [18] ). The table on the left gives a full list of all possible binding interactions that can be observed in MM/MD simulations. The most stable interactions are shown in bold. For clarity, the figure does not show binding interactions with Cys1191, Phe1145, Trp 1170, Arg 1310 or the surrounding solvent molecules. All of the interacting amino acids are conserved between mouse and human Dnmt1 [21] .
https://doi.org/10.1371/journal.pone.0174410.g003
In silico design of DNA-independent mechanism-based inhibitor of human DNA methyltransferase Dnmt1 site loop (amino acids 1220 to 1236). In some rare instances wobbling of the linker can drive the target base out of the active site groove. The corresponding simulation frames can be detected as extremes on "Cys1226-carbon-6-distance" plots ( Fig 4D and S2 Movie) .
Ribose makes several binding interactions that are so strong that they keep the inhibitor bound to the enzyme even when the target base ring and the linker are fully dissociated (S2 Movie). First, the H atoms on 2' and 3' OH groups make 1.85 and 1.91 Å long hydrogen bond Fig 3 can be analyzed by following changes in "hydrogen-bond" plots (A), "average-ligand-RMSD" plots (B), "Cys1226-carbon-6-distance" plots (C), and "inhibitor pulling force" plots (D). (A) In average 7±2 hydrogen bonds can be observed in Dnmt1-inhibitor complex in 100 nsec simulations (S1 Movie). (B) Distinct steps and peaks in RMSD plots represent different conformations of the ligand within the complex, while uniform RMSD plots represent limited ligand mobility and one dominant conformation in a stable complex ( [37, 38] and S1 Movie). (C) Distinct steps and peaks in "Cys1226-carbon-6-distance" plot represent different swiveling motions by the target base in the active site cavity (S1 and S3 Movies). (D) Steered molecular dynamics protocol was used to calculate "inhibitor pulling force" plots and the corresponding changes in binding interactions (S2 Movie). Changes in the pulling force that correspond to different dissociation steps are labeled with numbers. The numbers indicate: (1) force required to initiate movement of the inhibitor in its binding site and the resulting opening of active site loop; (2) force required for full displacement of the target base; (3-4) force required for full dissociation of the ribose ring from Glu 1168 and Arg 1573 respectively; (5) force required for full dissociation of the adenine ring.
https://doi.org/10.1371/journal.pone.0174410.g004
In silico design of DNA-independent mechanism-based inhibitor of human DNA methyltransferase Dnmt1 with the negatively charged Glu1168 [18, 21, 32] . Both -OH groups and Glu1168 can make dynamic hydrogen bonds with the bulk solvent molecules, however such interactions do not affect the stability of the complex [18, 21, 32] . Interestingly, we found that the oxygen atoms on the two OH groups can form 2.7 and 3.0 Å long ion-dipole interactions with Arg1573. Those interactions are not visible in crystal structures. Precisely, the interactions with Arg1573 can be observed only in MD simulations with rotamers that swivel towards the ribose ring and form π-π stacking interaction with Trp1170 (S2 Movie).
The adenine ring sits in a tight hydrophobic pocket behind Met 1169 (Figs 3-5 , and ref. [18] ). The adenine is stabilized by three highly dynamic hydrogen bonds between N3 and N4 atoms and Asp1190 or Cys1191 in protein backbone (Fig 3, and S1 and S2 Movies).
Formation of a covalent adduct between the target base and the active site Cys 1226
The key step in mechanism-based suicide-inhibition is the formation of a covalent adduct between the active site Cys 1226 and the target base on the inhibitor (Fig 1) . The suicide-inhibition can make our inhibitor highly potent and highly specific for Dnmt1 [16] . We used QM/ MM studies to show that the inhibitor can make a covalent adduct with the active site Cys 1226 after binding to Dnmt1 (Figs 3-6) .
Analysis of frontier orbitals showed that the active site Cys 1226 can form a covalent adduct with carbon 6 on the target base when the reactive atoms come in the same plane (Fig 6) . MD and QM/MM analysis show that such event depends on two sets of conformational changes (S2 and S3 Movies). First, the constant swiveling of the target base around its hydrogen bond with Arg 1312 has to drive the carbon-6 on the target base ring and Cys 1226 in the same plane (Fig 6, S3 Movie) . In the second set of the conformational changes the active site loop has to be Fig 5. (A-B) Binding of the prototype inhibitor to its binding site groove on Dnmt1. The two cross-eyed stereo images show the lead compound bound to mouse Dnmt1 as in Fig 3, except that the binding site is shown in the surface mode to highlight its shape, depth, and hydrophobic patches. (A) image shows surface hydrogens in white, carbons in black, nitrogens in blue, oxygens in red, and sulfur in yellow [41] . The colors can help in tracing the amino acids shown in Fig 3 on the groove surface. (B) the image shows hydrophobic surface in brown, and hydrophilic surface in blue [37, 38] . In both images, the prototype inhibitor is shown in stick model and colored green. Reader is looking at the binding site cleft from the position of DNA substrate, therefore methyl group on nitrogen 1 of the target base ring is positioned almost perpendicular to the plane of paper. The adenine ring is positioned in a tight hydrophobic surface pocket enclosed by Met1169, Asn1190 and Cys1191. The ribose ring is anchored on a wide ridge with its two OH group leaning atop of Glu1168. The linker is positioned in the widest section of binding site cleft just above AdoHcys/AdoMet binding cavity. The target base ring is positioned in the active site cavity and its carbon 6 is in Van der Waals contact with Cys1226.
https://doi.org/10.1371/journal.pone.0174410.g005
In silico design of DNA-independent mechanism-based inhibitor of human DNA methyltransferase Dnmt1 driven in its closed position, so that Cys1226 is forced into a tight contact with the carbon 6 on the target base (S4 Movie). MD simulations showed that distances between active site Cys 1226 and carbon 6 on the target base can vary between 3.5 and 6 Å, with an average distance of 4.7 Å (Fig 4) . Our QM/MM studies showed that distances of 4 Å can readily support the formation of a covalent adduct between the target base and Cys 1226 (S3 Movie). Similar reactive distances have been reported in the earlier studies [29] .
QM/MM studies also showed that similar to the previous studies [29] , the lowest activation energy for the formation of a covalent adduct can be observed when two reactive hydroxy groups are present in the active site cavity (S3 Movie, and manuscript in preparation). The swiveling on the target base that is driving the reaction is not as noticeable in the S1 to S3 Movies. This can be expected. The molecular events described in the S3 Movie require recording with much faster frame rate than the events described in the S1 and S2 Movies.
Binding of the prototype inhibitor can be affected by conformational changes in the active site of Dnmt1
We further analyzed how conformational changes in the active site of Dnmt1 can affect the inhibition (Fig 7, and S4 Movie). Specifically, the active site loop swings between open and closed position when Dnmt1 is in DNA-free from [18] [19] [20] [21] 32 ]. The loop is closed when DNA and the cofactor form a catalytic complex [18] . DNA-bound and DNA-free forms of Dnmt1 represent different stages in the physiology of DNA methylation [6] . Thus, the loop related changes in inhibitor activity can define pharmacological properties of our inhibitors.
We started steered molecular dynamics analysis of Dnmt1-inhibitor complex with the active site loop is in closed position as depicted in Fig 5 ( S4 Movie, PDB code: 4DA4 [18] ). Surprisingly the simulations showed that gradual opening of the active site loop does not lead to immediate dissociation of the target base ring and the inhibitor. The opening of the active site loop leads to increase in mobility in the linker and the target base which allows more favorable In silico design of DNA-independent mechanism-based inhibitor of human DNA methyltransferase Dnmt1 interactions between the target base ring and Arg1310 and Arg1312. The opening of the active site loop primarily leads to increase in "Cys1226-carbon-6-distance". Active site Cys 1226 is located at the flexible tip on the loop (S4 Movie, PDB code: 4DA4 [18] ). Taken together these results indicate that the inhibitor can bind to Dnmt1 when the active site is open and closed. However, the suicide-inhibition is fastest when the active site loop is closed, for example when Dnmt1 is bound to hemimethylated substrate in the process of maintenance methylation (PDB code: 4DA4 [18] ). Much slower suicide inhibition can be expected when Dnmt1 is bound to unmethylated DNA (PDB code: 3PT6 [21] ) or when Dnmt1 is in its DNA-free form (PDB code: 3AV6 [32] ). In those cases, the rate of suicide inhibition will depend on slow thermal swinging between open and closed position [20] .
Modifications in the lead-compound structure and related changes in binding interactions
We have analyzed 69 modifications in the lead compound structure with a desire to create a family of mechanism-based inhibitors that could have different pharmacological properties (S1-S5 Tables). The modifications have been designed to change ligand flexibility or to replace some of the interacting groups with other groups that can provide similar interactions. The changes in binding interactions caused by different modifications can give additional insights into the binding mechanism and also provide a good test of the reliability of the presented analysis of Dnmt1-inhibitor complex. In total, we found that 18 of presented 69 modifications can bind to Dnmt1 like a transition state analogue (Fig 3) , give favorable LogD values, and show "Cys1226-carbon-6-distance" that can support mechanism-based suicide-inhibition (S1-S5 Tables, compound numbers shown in red). In choosing some of the modifications we In silico design of DNA-independent mechanism-based inhibitor of human DNA methyltransferase Dnmt1 have followed experimental insights from studies of different AdoMet analogues and Dnmt1 [19, 20, 33] .
Modifications in the adenosine ring
We have analyzed eight modifications in the adenine ring (S1 Table) . Three of these modifications give favorable LogD values and "Cys1226-carbon-6-distance" plots. The prepared modifications can be separated in two sets. The first set are modifications at the carbon 6 amino group (S1 Table) , and the second set are modifications within the ring structure (S1 Table) .
The amino group on carbon 6 is positioned on a hydrophobic ridge at the edge of the adenosine binding pocket where it makes a maximum of three hydrogen bonds with Asp 1190, Cys1191 and bulk solvent molecules (Figs 3-5) . We have replaced the amino group with hydrogen atom, nonpolar methyl group, or carbonyl group (S1 Table) . The binding was not observed only when a hydrogen atom was placed on carbon 6, what is suggesting that a group of a certain size is needed to guide the adenosine ring in its binding ridge (Figs 3 and 5 ). Both methyl group and carbonyl groups support binding, which indicates that the hydrogen bonds with an amino group on carbon 6 are not crucial for binding. Interestingly, MM/MD simulations showed that the carbonyl group can reposition modified ring in the ligand binding cavity so that optimal interactions with Lys1244 can be achieved. Such repositioning can increase the ligand RMSD values however the "Cys1226-carbon-6" distance plots show that both modifications can support complex that could initiate the suicide-inhibition step (S1 Table) .
Next, we introduced modifications within the ring structure (S1 Table) . We made the ring more hydrophobic by replacing polar nitrogen atoms with carbon atoms or by replacing the aromatic ring with a saturated ring (S1 Table) . We find that increase in hydrophobic surface can bury the modified ring in its binding pocket and decrease the ligand mobility in its binding site groove (Figs 4 and 5, and S1 Table) . This results in a decrease in RMSD values, and in a very favorable decrease in "Cys1226-carbon-6" distance plots (S1 Table) . The only exception is a fully saturated ring, which is too big to slip into the binding site pocket that is suited for a flat aromatic ring. The ligand with the saturated ring can dock in the binding site groove, but corresponding RMSD and "Cys1226-carbon-6" distance plots show that the ligand with the saturated ring is only loosely docked in the binding site groove and cannot support the suicide inhibition step (Fig 6) .
Modifications in ribose part of the inhibitor
We have analyzed 20 modifications in the ribose ring and found that only two of them give favorable LogD values and "Cys1226-carbon-6-distance" plots. Modifications have been prepared in all five positions on the ribose ring (S2 Table) .
Modifications in place of the two -OH group are most attractive since the -OH groups give the highest contribution to binding interactions and to the LogD value (-0.52 per one OH group, Fig 2) . We find that our lead compound cannot bind to Dnmt1 in desired orientation when the two -OH groups are replaced with H atoms (S2 Table) . The ligand can bind in the desired position when the OH group on carbon 3 is kept and OH group on carbon 2' is replaced with H atoms. However, there is no binding when the OH group on carbon 2' is kept and OH group on carbon 3' is replaced with H atoms. The MM/MD simulations show that the OH group on position 3' has more influence on binding than the OH group on position 2', since it has more favorable interaction geometry with Glu 1168 and tighter interactions with the walls of the binding site groove. Placing a double bond between 2' and 3' carbon atoms will not support binding of the inhibitor. With a double bond, the two OH groups are lifted in the plane of the ribose ring where they cannot make binding interactions with Glu 1168 or Arg 1573.
Next, we replaced the two -OH groups with -F or -Cl atoms (S2 Table, compounds 16 to 21). We find that fluorine atoms in α-position support binding and favorable "Cys1226-carbon-6" distances. Binding is also observed when the two F atoms are placed in the plane of the ring by a double bond. Fluorine atoms placed in β-position support binding, but do not support conformations that can give favorable "Cys1226-carbon-6" distances. Chlorine atoms support binding in only two positions and none of those positions can support conformations that could give favorable "Cys1226-carbon-6" distances. In all complexes with -F or -Cl modifications negatively charged Glu 1168 rotates away from the ribose ring, while positively charged Arg 1573 is positioned about 2.9 Å above the ribose ring where it makes unstable π-π stacking interactions with Trp 1170.
The ligand binding is also observed when both -OH groups are removed and the carbon 3' is replaced with an oxygen atom (S2 Table) . MM/MD simulation showed that such proteinligand complex is very unstable since its binding is supported by a water molecule in α-position that is bridging between the oxygen at 3' and the Glu 1168. Surprisingly, we could not find a replacement for the acetal oxygen at the 5' position of the ring (S2 Table) . The acetal oxygen is in direct Van der Waals contact with Phe1145. Thus any group at that position that is bigger than an oxygen atom can push the ribose ring out of its binding groove.
Modifications in the linker structure
We have analyzed 19 modifications in the linker, 5 of those give favorable LogD values and "Cys1226-carbon-6-distance" plots (S3 Table) . The linker makes only one binding interaction with binding site surface, its tertiary nitrogen makes 2.17 Å long bond with peptide backbone on Phe1145 (Fig 3) . Thus, modifications in the linker have been primarily designed to facilitate synthesis of inhibitor or to decrease inhibitor's flexibility and LogD value (Fig 2) . We analyzed linkers with oxygen, sulfur, and carbon in the place of tertiary nitrogen (S3 Table, compounds 39, 43, 44, 46, 47). Simulations showed that linkers with oxygen and sulfur atoms gave favorable LogD values and "Cys1226-carbon-6-distance" plots (compounds 43 and 44) . A linker with a-CH 2 -group also supports binding of the inhibitor. However, the binding conformations do not support optimal orientation of the target base in the active site cavity since hydrophobic-CH 2 -cannot lean on to hydrophilic surface formed by peptide backbone of Phe1145 (Fig 5B) . Encouraged by favorable features observed with the linker with an oxygen atom (compound 43), we tested two more linkers with oxygen atom modifications (S3 Table, compounds 46 and 47). Compounds 46 and 47 gave favorable LogD values and "Cys1226-carbon-6-distance" plots (S3 Table) .
The methyl tail on linker can stabilize Dnmt1-inhibitor complex to some degree by anchoring the linker in the hydrophilic AdoMet cavity (Fig 5B) . However, these effects are very limited since the tail can also push the linker out of the binding site by repeated collisions with the binding site surface. The repulsive collisions with protein surface are best visible when the methyl tail is replaced with longer tails such as hydroxymethyl or ethyl tail (S3 Table) .
Next, we placed double bonds or methyl groups in different positions on the linker in an attempt to analyze how changes in linker flexibility can affect binding interaction (S3 Table) . We find that two entgegen double bonds in position 1-2 and 3-4 on the linker can give exceptionally steady RMSD plots and much more favorable "Cys1226-carbon-6-distance" than the lead compound (S3 Table, compound 42) . MM/MD simulations show that compound 42 appears to be perfectly molded for the binding site groove. Compound 37 is another example of a compound with a double bond in the linker that gives favorable LogD values and "Cys1226-carbon-6-distance" plots. Compound 48 is an example of a modification that gave favorable "Cys1226-carbon-6-distance" by selectively placed methyl groups on the linker. The methyl groups on the linker can wedge the inhibitor in its binding site groove.
Modifications in the target base ring
We have analyzed 8 modifications in the target base ring, three of those give favorable "Cys1226-carbon-6-distance" plots. Some electron-withdrawing modifications on the target base ring could increase the rate of nucleophilic attack by the active site Cys 1226 and enhance stability of the resulting covalent adduct (Fig 6 and S3 Movie) . Such modifications can be quantitatively compared by following the energy of LUMO orbitals on the target base ring (S4 Table) . For example, -CF 3 and -CFH 2 groups on the nitrogen 1 can decrease the energy of LUMO orbitals on the target base ring. MM/MD studies showed that inhibitors with -CFH 2 group on the nitrogen 1 can bind and give more favorable "Cys1226-carbon-6-distance" plots than the lead compound. The binding is stabilized in part by interaction between the fluorine atom and Arg1573. MM/MD simulations showed that target base ring with -CF 3 group on the nitrogen 1 cannot give favorable "Cys1226-carbon-6-distance" plots, since -CF 3 is too big to fully fit in the active site cavity with the active site loop closed (Fig 7) . Interestingly, we also found that electron-withdrawing modifications at the nitrogen 1 can facilitate the synthesis of the inhibitor by making the target base more resistant to side reactions during oxidation steps.
The rate of nucleophilic attack by the active site Cys1226 can also be affected by modifications that can influence the wobbling of the target base in the active site cavity (S3 Movie, manuscript in preparation). 1,4-dimethyl-pirimidin-2-one is too bulky to fit in the active site cavity. On the other hand, pirimidin-2-one is too small to fill the active site cavity what results in excessive mobility that can interfere with productive collisions with Cys 1226. 1-Methyl-pirimidin-2-one is the best choice for the target base ring and mechanism-based suicide-inhibition (S3 Movie).
1-Methyl-cytosine makes more binding interactions with the active site residues than any other modification. Precisely, the amino group on cytosine carbon 4 can form hydrogen bonds with Glu1266 in the active site [18] . However, for several reasons, 1-methyl-pirimidin-2-one is a better choice for the target base than 1-methyl-cytosine. First, the amino group on carbon 4 is known to hydrolyze and turn into carbonyl group which has a repulsive interaction with Glu1266 (compound 57 and [20] ). Second, 1-methyl-pirimidin-2-one makes a stable covalent adduct that can be even captured in crystal structures [29, 34] , while cytosine makes unstable and readily reversible covalent adduct [19, 20, 29] . 1-Methyl-pirimidin-2-one lacks the electron rich amino group, so it is a better electrophile than cytosine (its LUMO is -1.4 eV, vs. LUMO for cytosine is -0.9 eV). Finally, inhibitors with 1-methyl-pirimidin-2-one are easier for synthesis than 1-methyl-cytosine due to lesser reactivity in side reactions [26, 27] .
Modifications that can mold the inhibitor to its binding site groove
We also attempted to wedge the inhibitor in its binding site groove by preparing parallel modifications at the ribose ring and the linker at the sites that have been thus far the most difficult to modify (S5 Table) . First, methyl groups have been placed on ribose and on linker in attempt to wedge the inhibitor in its binding site groove (Fig 5) . Second, double bonds and longer ethyl tail were placed on the linker to restrict its conformational space in the binding site groove. We found that a methyl group in β-position on carbons 2' and 3' on ribose ring can wedge the inhibitor in its binding site groove in desired conformation (S5 Table, compounds 60-61, 65-66). Such approach makes the Dnmt1-ligand complex less dependent on anchoring interactions between-OH groups on ribose ring and Glu1168 on protein surface. Ribose molecules with methyl groups in β-position on carbon 2' and carbon 3' are commercially available from several suppliers.
Binding specificity: Human Dnmt1 vs. human Dnmt3a DNA methyltransferase
Mechanism-based inhibitors can provide the highest specificity for the target enzyme [16] . However, mechanism-based inhibition might not be enough to ensure desired specificity in our case since adenosyl part on our inhibitor could bind with significant affinity to a large number of cellular enzymes that bind similar metabolites. We decided to explore possibilities for such nonspecific interactions by comparing binding of our prototype inhibitor to Dnmt1 and Dnmt3a, two very similar DNA methyltransferases with closely related physiological functions.
We found that our prototype inhibitor can bind to human Dnmt3a (Fig 8) . As expected, adenine and ribose parts on the inhibitor make similar binding interactions with Dnmt1 and Dnmt3a (Fig 8A-8C ). Significant differences can be observed in binding interactions at the linker and the target base ring parts (Fig 8C) . With Dnmt3a, the target base ring forms π-π stacking interactions with Trp893 (Fig 7B) , and the linker is twisted deep into the AdoMet binding cavity (Fig 7C) . Molecular dynamic simulations showed that Dnmt3a forms in average 6 ± 2 binding interactions with the inhibitor, which is at least one less binding interaction than with Dnmt1 (Figs 4 vs. 8D) . Consequently, the pulling force for detachment of the inhibitor from Dnmt3a is 70 picoNewtons lower than for Dnmt1 (Figs 4 vs. 8E ). The simulations also showed that π-π stacking interactions between the target base and Trp893 can be readily broken.
The weaker interactions between Dnmt3a and the inhibitor could possibly provide a satisfactory specificity for Dnmt1 in cells. However, if necessary we can also exploit the observed differences in binding interactions to design even more specific compounds. For example, we quickly found that a linker with entgegen double bond between carbon 1-2 and carbon 3-4 can bind very well to Dnmt1 but not to Dnmt3a (S3 Table, compound 42 ). The linker with a double bond can take only extended conformations that are complementary to the extended binding site on Dnmt1 but not to the curved binding site on Dnmt3a (Fig 8C and S3 Table) .
In conclusion, apart from the mechanism-based suicide-inhibition specificity for Dnmt1 can also be achieved by carefully chosen modifications in different parts of the inhibitor.
Conclusions and future directions
Our in silico studies show that it is possible to prepare a whole family of mechanism-based suicide-inhibitors that can bind to Dnmt1 as transition-state analogues. Different modifications in the lead compound structure can be used to facilitate synthesis of the inhibitor or to prepare a whole family of mechanism-based inhibitors with different pharmacological properties. Many of the presented compounds can be prepared for less than 5000 USD in material costs in a total of 4 to 6 synthetic steps [26, 27] . Briefly, 1-methyl-pyrimidin-2-one and its different modifications can be purchased commercially or prepared by Biginelli reaction from methylurea and different dialdehydes [26, 27] . The prepared target base can be attached to different linkers using Suzuki addition [26, 27] . The linker has to be fully prepared before the addition to avoid cross-reactivity with the target base. The prepared target base with a linker can be attached by substitution to commercially available adenosyl derivatives, or some of its inhouse prepared modifications [26, 27] .
The presented in silico approaches can also be extended in the future to prepare compounds specific for Dnmt1, Dnmt2, Dnmt3, or some bacterial DNA methyltransferases [34] [35] [36] . Fig 8. (A-E) The lead compound can bind to mouse Dnmt3a (PDB: 4U7P ref [18] ). (A) The cross-eyed stereo image shows our prototype inhibitor bound at the AdoMet site on Dnmt3a. Similar to the complex with Dnmt1, with Dnmt3a adenine part of the inhibitor is buried in a hydrophobic pocket, while the ribose is sitting atop of a ridge formed by Glu664. Hydrogen atoms are shown in white, carbon in gray, oxygen in red, nitrogen in blue, and sulfur in yellow [41] . (B) Stereo image shows inhibitor (lime) bound to Dnmt3 (cyan). The adenosyl part of inhibitor closely overlaps with corresponding parts of AdoHcys in the crystal structure (orange). Similar to Dnmt1 the ribose ring on Dnmt3a is positioned between Glu664 and Arg891. The target base ring is held in its position by π-π stacking interactions with Trp893. (C) Stereo image shows a comparison between the extended conformation observed in the binding site of Dnmt1 (gold), and the twisted Selective compounds can be prepared by exploiting subtle differences between different DNA methyltransferase in their active site and interaction with the cofactor [20] . The hope is to design inhibitors that will have a preference for different DNA methylation processes in cells [6] .
Materials and methodology
All calculations have been performed on Bullx DLC 720 high-performance computer at the Center for Advanced Computing and Modeling at the University of Rijeka (http://cnrm.uniri. hr/). A typical calculation used 50-100 nodes that were integrated by Infiniband FDR 54 Gbps connections. Each node contains two Intel Xeon E5-2690 v3 processors, NVIDIA K40 GPU and 64GB RAM. All simulations were prepared at NVIDIA CUDA Teaching center at the University of Rijeka.
Rigid body docking and analysis
The initial "rigid-body-docking' calculations used programs Autodock Vina as a plug-in application in UCSF-Chimera [37, 38] . The protein coordinates were acquired from Protein data bank, while the ligand structures were drawn in ChemAxon Marvin [39] . Prior to docking, the ligand structures were tested with several programs to make sure that conversion between file formats did not distort chiral centers or aromatic bonds. In the first step, both the protein and the ligand were protonated at pH = 7.2 using Amber99SB force-field tool in Chimera program. Then, the search volume box 25.0 X 23.5 X 19.0 Å was prepared, which included AdoHcy binding site, the active site where the target cytosine binds, and the interface between the catalytic domains [18] . The crystal water molecules have been deleted, except for the molecules that had hydrogen bonds with the residues at the AdoMet sites. In the latter case, we did docking with and without the water molecules. Docking was judged as successful if at least one of the nine conformers showed overlap with adenine rings and the target cytosine in the corresponding crystal structure (Fig 3) .
Molecular dynamics simulations and analysis
Classical molecular mechanics and molecular dynamics (MM/MMD) simulations were calculated using program package GROMACS [30, 31] . The protein was processed with pdb2gmx, while the ligand was processed with ACPYPE10 [40] . ACPYPE is an interface for Antechamber (part of AmberTools11) which is used to generate different topology types for various force fields (CHARMM, GROMOS, AMBER, OPLS) [40] . Amber99SB force field was used for proteins, while GAFF was used for nonstandard residues (i.e. ligands). Following the parameterization, all coordinate files were merged into a single coordinate file, and all topology files into single topology file.
We used rhombic dodecahedron solvent box, type and TIP3P model for water molecules, and 150 mM NaCl plus additional Na+ ions that were required for neutralization. The prepared system was minimized using a combination of steepest descent and conjugate gradient algorithms. When the most stable state was achieved the temperature was introduced and the system was equilibrated to 310 K (NVT equilibration, V-rescale). Next, the pressure was conformation observed in the binding site of Dnmt3 (cyan). (D) The plot shows dynamic changes in the number of binding interactions within Dnmt3a-inhibitor complex in a 100 nsec long MD simulation. With Dnmt3a our prototype inhibitor forms 6 ± 2 binding interactions, what is in average at least one interaction less than with Dnmt1. (E) The plots show changes in pulling force and the corresponding decrease in the number of dynamic binding interactions within Dnmt3a-inhibitor complex. The two plots were calculated using steered molecular dynamics protocols in program GROMACS [31] .
https://doi.org/10.1371/journal.pone.0174410.g008
In silico design of DNA-independent mechanism-based inhibitor of human DNA methyltransferase Dnmt1 equilibrated to 1 atm (NPT equilibration, Parrinello-Rahman). No restraints were used for the protein or the ligand when the system was minimized, but in NPT and NVT equilibration protein and ligand were restrained. The outputs of minimization and equilibration MD simulations provide insight into the potential energy of the system based on minimization of the temperature in NVT simulation, and minimization of the pressure in NPT simulation.
We calculated MD simulations for entire mammalian Dnmt1 in total duration of 20-100 ns, 10-50 million steps, 2 fs step-time, with a total of 100-2000 recorded frames. Following MM/MD simulations RMSD plots, "Cys 1226 and carbon 6 distance" plots, and H-bond plots were calculated using built-in GROMACS and VMD utilities [30, 31, 41] .
Steered molecular dynamics
Steered molecular dynamics simulation used GROMACS suite with the same set-up parameters as the rest of molecular dynamics simulations [30, 31] . The inhibitor or the active site loop were pulled from the center of mass away from the center of mass of the protein at 0.001 nm/ ps with harmonic force constant of 1000 kJ mol -1 nm -2
. The system was solvated in an octahedron box with faces on 5 nm distance from the protein. TIP3P model was used for water molecules, salt concentration was set to 0.15 mol/dm3 by adding Na+ and Cl-ions. The systems were minimized with steepest descent algorithm and then equilibrated in 500 thousand steps at a temperature of 310 K and a pressure of 1 bar. Steered molecular dynamics were carried out in 1 million steps in 2 ns with coordinates, forces and velocities logged every 10 ps.
QM and QM/MM simulations
Frontier molecular orbitals were calculated using program US-GAMESS [42] . The molecules were drawn in Avogadro [43] , the calculations were set-up using "SCFTYP = RHF RUNTYP = ENERGY DFTTYP = B3LYP" protocols with 6-31G basis set, water medium, and initial MO guess set as Hückel. The resulting molecular orbitals and the calculated energies have been visualized using VMD [41] .
CP2K program was used for hybrid quantum mechanics and molecular mechanics (QM/ MM) simulation. QM simulations used density functional theory (DFT) that was based on hybrid Gaussian and plane waves density functional [44] . TZV2P-GTH basis sets and B3LYP exchange-correlation energy functional were used for 19 QM atoms in the active site. CHARMM force field parameters were used for MM atoms. Force field parameters for ligand were generated by Acpype [40] . PSF topology used in CP2K is generated by VMD using automatic PSF builder plugin [41] .
Nudged elastic band method was used for transition state search [45, 46] . PyMOL is used for selection of QM atoms in QM/MM simulation, and PyMOL plug-in was used for generation of QMMM section in CP2K input file. Replicas used in the nudged elastic band were drawn in Avogadro [43] . 4DA4 [18] ). Molecular dynamics simulations were used to visualize dynamic changes in binding interactions that are not readily visible in static crystal structures [30, 31] . The inhibitor and the interacting amino acids are shown in licorice, while the rest of the protein is shown as a ribbon. The gold dashed lines show binding interactions between inhibitor and binding site residues. For clarity, the surrounding solvent molecules are not shown. The MD simulations show that the target base ring is held in the active site cavity primarily by an iondipole interaction between its carbonyl oxygen and Arg 1312 and Arg1310. The active site Cys1226 is hovering above the target base ring within van der Waals contact. Mobility and position of the target base ring in the active site cavity depends on length and flexibility of the linker. The adenine ring is buried behind Met1169, where its nitrogen atoms form several binding interactions with Asp 1190 and Cys 1191. The ribose is anchored to Glu1168 with two hydrogen bonds that are directed towards H atoms on the two OH groups. The oxygen atoms on the two OH groups can make dynamic binding interactions with Arg1573, which can be stabilized in its binding position by π-π stacking with Trp1170. (AVI) S2 Movie. Mobility of the inhibitor within the active site in Dnmt1-inhibiotr complex (PDB: 4DA4 [18] ). Steered molecular dynamics was used to compare different binding interactions within Dnmt1-inhibitor complex. The simulation also illustrates dynamics processes that guide association and dissociation of the inhibitor. In this protocol, the center of mass of the inhibitor is gradually pulled out from the binding site cavity by a force that is constantly adjusted to the opposing forces of binding interactions [31] . We find that the inhibitor is displaced from its binding site in several steps. The target base ring and the linker are displaced first as soon as the active site loop is released. Surprisingly, the ribose and the adenine rings remain bound to the cofactor site even when the target base ring and the linker are completely dissociated. The ribose dissociates when its binding interactions with Glu1168 and Arg1573 are broken. The adenosine ring is last to dissociate as it slips from its hydrophobic cavity. (AVI) S3 Movie. Formation of a covalent bond between our lead compound and the active site cysteine 1226 (prepared in VMD [41] ). QM/MM simulation show how nucleophilic orbitals on the sulfur atom can come in the same plane as electrophilic orbitals on carbon 6 on the target base. Hydrogen atoms are shown in white, carbon in cyan, oxygen in red, nitrogen in blue, and sulfur in yellow. The first panel shows one of the GROMACS MM/MD simulation frames that was used as a starting point for nudged elastic band QM/MM studies [44] . The active site Cys 1226 is directly above the plane of the target base ring 3.8 Å from the carbon 6. Both Cys 1226 and carbon 6 on the target base are protonated. The reaction starts when the active site cysteine is deprotonated with an OH -ion. OH -ions are known to penetrate in the active site [19, 20, 29] . Next, the newly formed Cys 1226 anion collides with a hydrogen atom at the carbon 6 on the target base. The collision can drive the HOMO orbitals on nucleophilic sulfur anion in the same plane as LUMO orbitals on the carbon 6 on the target base. The transition state intermediate forms when the carbon 6 is deprotonated by the second OH -ion (deprotonation of the carbon 6 takes place below the ring so it is not fully visible in the presented angle). In the final step, the covalent adduct is formed, and the new bonds are minimized to achieve the optimal bond angles. In sum, our MM/MD and QM/MM simulations show that the suicide-inhibition depends on two sets of conformational changes. First, the closing of the active site loop has to drive the nucleophilic Cys1226 into a tight Van der Waals contact with carbon 6 on the target base. Second, the correct angle between reactive atoms has to be achieved by rotation of the target base ring around the axis formed by hydrogen bonds with Arg 1310 and Arg 1312.
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(AVI) S4 Movie. Inhibitor binding to different conformations in the active site of Dnmt1 (prepared in VMD [41] ). We used steered molecular dynamic to analyze how stability of Dnmt1-inhibitor complex can be affected by the active site loop (amino acids 1220 to 1236). The simulation is started with the active site loop in its closed position, which represents fully formed a catalytic complex (PDB: 4DA4 [18] ). During the simulation, center of mass of the active site loop is gradually pulled out to its open position using force that is proportional to the opposing forces created by the dynamic changes in the loop structure. We found that the opening of the loop does not lead to immediate dissociation of the inhibitor. Rather, gradual opening of the loop leads to increase in distance between the target base and Cys1226, and thus decrease in chances for the formation of a covalent adduct and the suicide-inhibition. 
